Summary: Recently, we proposed that singlet oxygen ( 1 O 2 ) plays an essential role in microsomal cytochrome P450 (P450)-dependent p-hydroxylation of aniline and O-deethylation of 7-ethoxycoumarin. We then examined whether the role of 1 O 2 is general in the P450-dependent substrate oxidations. In the present study, we examined v-and (v-1)-hydroxylations of lauric acid, O-demethylation of pnitroanisole, and N-demethylation of aminopyrine in rat liver microsomes. The addition of b-carotene and NaN 3 signiˆcantly suppressed these reactions in a concentration-dependent manner, and 1 O 2 during the reactions was detected by ESR spin-trapping using 2,2,6,6-tetramethyl-4-piperidone (TMPD) as a 1 O 2 -spin trapping reagent, where the addition of 1 O 2 quenchers, SKF-525A as a P450 inhibitor, or pnitroanisole decreased ESR signal intensities due to TMPD-1 O 2 adduct. Next, we examined the eŠect of 1 O 2 quenchers on P450-dependent reactions in the human liver microsomes, and 1 O 2 was also indicated to be an active species in substrate hydroxylations and dealkylations such as nifedipine oxidation by CYP3A4. On the basis of the results, we concluded that 1 O 2 is an essentially important active oxygen species in both rat and human P450-dependent substrate oxidations.
Introduction
Cytochrome P450 (P450) is a group of enzymes that monooxygenizes a large number of organic compounds and xenobiotics. [1] [2] [3] [4] A mechanism for the P450-dependent catalytic cycle has been proposed and accepted by researchers [5] [6] [7] [8] in which an oxo-ferrylporphyrin-p-cation radical is involved as an active oxygen intermediate. 9, 10) Several authors have reported the contribution of reactive oxygen species (ROS) such as superoxide anion radical (  O2 " ), [11] [12] [13] [14] hydroxyl radical (  OH), 13, 14) and singlet oxygen ( 1 O2), 15, 16) in the NADPH-dependent substrate oxidations and hepatic lipid peroxidations in microsomal systems. [17] [18] [19] 16) However, the P450-dependent reactions in terms of ROS generation are still controversial.
During our investigations of P450-derived oxidation, 20, 21) we recently found that 1 O2 quenchers such as sodium azide (NaN3) and b-carotene suppressed the rat liver microsomal P450-dependent p-hydroxylation of aniline and the O-deethylation of 7-ethoxycoumarin, in which 1 O2 was involved, as conˆrmed by the ESR spintrapping method. 22) In contrast, other ROS scavengers such as superoxide dismutase (SOD), catalase (CAT), and dimethylsulfoxide (DMSO) had no eŠect on aniline p-hydroxylation or 7-ethoxycoumarin O-deethylation. Consequently, ROSs such as
, hydrogen peroxide (H2O2), and hydroxyl radical (  OH) were assumed not to be involved in such substrate oxidations. 22) In a previous paper, 22) we examined aryl hydroxylation and Odeethylation. Following that study, we planned to examine whether or not the involvement of 1 O2 in the P450-dependent catalytic cycle is a general reaction in other types of oxidations.
The purpose of the investigation is to give more evidence for the involvement of 1 O2 in the P450-dependent substrate oxidations in rat and human liver microsomes and to discuss the results. To accomplish this, alkyl hydroxylation, aryl O-demethylation, and amine Ndemethylation in rat liver microsomes and four enzyme activities in the human CYP subfamily were examined using 1 O2 quenchers. Also, 1 O2 generation during the reactions was measured using the ESR spin-trapping method.
Materials and Methods
Materials: Phenobarbital sodium (PB) was purchased from Maruko (Nagoya, Japan). Lauric acid (dodecanoic acid), 9-anthryldiazomethane (ADAM), pnitroanisole, p-nitrophenol, aminopyrine, tolbutamide, nifedipine, and dimethylsulfoxide (DMSO) were purchased from Wako Pure Chemical (Osaka, Japan). Both v-and (v-1)-hydroxy lauric acid (12-hydroxydodecanoic acid and 11-hydroxydodecanoic acid, respectively) were synthesized and puriˆed in our laboratory as described in the previous report. 23) Hydroxytolbutamide, oxidized nifedipine, and 2-diethylaminoethyl-2,2-diphenylpentanoate hydrochloride (SKF-525A) were purchased from Daiichi Pure Chemicals Co., Ltd. (Tokyo, Japan). Coumarin, 7-hydroxycoumarin, and sodium azide (NaN3) were purchased from Nakalai Tesque (Kyoto, Japan). Resoruˆn, 7-ethoxyresoruˆn, superoxide dismutase (SOD), and catalase (CAT) were obtained from Sigma (St. Louis, USA). 2,2,6,6-Tetramethyl-4-piperidone (TMPD) was from Aldrich (Milwaukee, USA). b-Carotene was from Tokyo Kasei (Tokyo, Japan). b-NADPH, b-NADP, glucose-6-phosphate (G-6-P), and glucose-6-phosphate dehydrogenase (G6-PDH) were from Oriental Yeast (Tokyo, Japan). Human liver microsomes were purchased from XenoTech L.L.C. (USA). Other reagents were of the highest purity commercially available.
Animals: Male Sprague-Dawley (SD) rats (6 weeks old) weighing 200-220 g were purchased from Shimizu Experimental Material Co. (Kyoto, Japan) and maintained on a light W dark cycle in our central animal facility before being used. All animals were given free access to standard rat chow and water prior to the experiments. All experiments were approved by the Experimental Animal Research Committee of Kyoto Pharmaceutical University (KPU) and performed according to the Guidelines for Animal Experimentation of KPU.
Preparation of rat liver microsomes: Microsomal fractions were prepared from the livers of male SD rats. P450 was induced by pretreatment with daily intraperitoneal injection of PB at a dose of 40 mg W kg body weight W day for 3 days. The animals were anesthetized by ether and sacriˆced at 24 h after the last dose. The livers were perfused with ice-cold 1.15z KCl and homogenized, and the nuclear-mitochondria were removed by centrifugation at 12,000×g for 15 min. The supernatant was centrifuged twice at 105,000×g for 65 min in 100 mM potassium phosphate buŠer, pH 7.4. The microsomal pellet was suspended in 100 mM potassium phosphate buŠer, pH 7.4, containing 30z glycerol, theˆnal concentration being 20-50 mg protein W mL. The suspension was stored at "809 C before use. P450 was assayed by the method of Omura and Sato 24) in terms of the CO-reduced P450 complex at pH 7.2. Protein was determined by the method of Lowry et al.
25)
Substrate reactions in the rat liver microsomes: Lauric acid hydroxylation in terms of v-and (v-1)-hydroxy lauric acids formation, 26) p-nitroanisole Odemethylation, 27) and aminopyrine N-demethylation 28) by rat liver microsomes were determined at 379 C in 100 mM phosphate buŠer, pH 7.4, for 15 min. The incubation mixture contained 0.8 mg W mL microsomal protein, 0.2 mM lauric acid, 0.4 mM p-nitroanisole, or 0.4 mM aminopyrine, and 1.6 mM NADPH in a total volume of 0.5 mL, in which the reactions were initiated by the addition of NADPH. The reactions of lauric acid, p-nitroanisole, and aminopyrine were terminated by the addition of 0.03 mL of 2 M HCl, 0.6 mL of methanol, and 0.25 mL of 20z trichloroacetic acid, respectively, to the reaction mixtures. The contribution of singlet oxygen ( 1 O2) to the substrate metabolism was examined by the addition of 1 O 2 quenchers such as 0-5 mM NaN3 and 0-1 mM b-carotene to the reaction mixture. 29, 30) In addition, the reaction of p-nitroanisole was examined in the incubation mixture containing 0-80z v W v D2O at pH 7.4, in which the life time of 1 O 2 was reported to be approximately 20-fold longer than H2O.
31) The eŠects of P450 inhibitor on the lauric acid hydroxylations and p-nitroanisole demethylation were examined by the addition of 0-0.25 mM SKF-525A.
32)
Analytical procedures: After 2 mL of ethyl acetate was added to the incubation mixture containing lauric acid, the mixture was shaken for 10 min and centrifuged at 12,000×g for 5 min and 49 C, and then 1.5 mL of the supernatant was evaporated to dryness by an N2 purge. One mL of 0.1 mg W mL ADAM dissolved in ethyl acetate was added to the residue, and the mixture stood for 2 hr at room temperature. 33) Then 100 mL of the solution was injected onto the HPLC system to determine v-and (v-1)-hydroxy lauric acids. 34) An HPLC system (LC-10A, Shimadzu Co., Kyoto, Japan) with a ‰uores-cence detector (RF-535, Shimadzu Co.) was used. The excitation and emission wavelengths were set at 365 nm and 412 nm, respectively. The stationary phase was Wakosil-II 5C18HG (250 mm×4.6 mm i.d., Wako) and the column temperature was 409 C. The mobile phase was acetonitrile-H2O (80:20 vW v), and it ‰owed at 1.5 mL W min. Both calibration lines for 12-hydroxydodecanoic acid and 11-hydroxydodecanoic acid were obtained from peak areas detected in the concentration ranges of 3-30 mM. Their correlation coe‹cients were both more than 0.998 (r) with a linear least-squares regression.
The reaction mixture containing p-nitroanisole was centrifuged at 12,000×g for 10 min and 49 C to remove the precipitation of protein, and 10 mL of supernatant was injected onto the HPLC to determine pnitrophenol. 35) An HPLC system (LC-10A, Shimadzu Co., Kyoto, Japan) with a variable wavelength UV-VIS detector (SPD-10AV, Shimadzu Co.) was used, with the detection wavelength set at 315 nm. The stationary phase was Wakosil-II 5C18HG (250 mm×4.6 mm i.d., Wako) and the column temperature was 309 C. The mobile phase was methanol-0.1z acetic acid (75:25 v W v), and it ‰owed at 1.0 mL W min. The calibration line for p-nitrophenol was obtained from peak areas detected in the concentration range of 10-100 mM. The correlation coe‹cient was more than 0.999 (r) with a linear least-squares regression.
The reaction mixture containing aminopyrine was then cooled in ice, and the protein was removed by centrifugation at 12,000×g for 10 min and 49 C. An aliquot (0.5 mL) of the supernatant was added to 0.2 mL of Nash reagents (300 mg W mL ammonium acetate containing 0.4z v W v acetylacetone). 36) After the mixture stood for 20 min at 609 C, the absorbance at 415 nm due to 3,5-diacetyl-1,4-dihydrolutidin, which was formed from the reaction of acetylacetone with formaldehyde, was measured with a Shimadzu UV-1200 spectrometer (Kyoto, Japan).
36)
ESR spin-trapping of 1 O 2 : ESR spectra were recorded at room temperature on a JEOL JES-FR30 spectrometer (Tokyo, Japan) using a quartz ‰at cell (Labotec, Tokyo, Japan). TMPD was used as a 1 O2-trapping agent. 37, 38) The incubation mixture contained 50 mM TMPD, 0.2-0.8 mg W mL microsomal protein, and 0.2-1.6 mM NADPH, either with or without 1 O2 quenchers or a P450 inhibitor, at 379 C in a total volume of 0.5 mL of 100 mM phosphate buŠer (pH 7.4). ESR spectra were measured at 5-20 min after the addition of NADPH as an initiator of the reaction. The ESR signal intensity appearing at the lowest magneticˆeld in a triplet spectrum due to a TMPD-1 O2 adduct (2,2,6,6-tetramethyl-4-piperidone-N-oxyl, 4-oxo-TEMPO) was expressed as the ratio to the third signal intensity from the low magneticˆeld due to the external standard, Mn(II) doped in MnO.
1 O2 scavenging activity and O-demethylation rate of p-nitroanisole in the rat liver microsomes: The relationship between the demethylation rate of pnitroanisole and its 1 O2 scavenging activity was examined in rat liver microsomes using both HPLC assay and the ESR spin-trapping method. The incubation mixtures contained 50 mM TMPD, 0.8 mg W mL microsomal protein, and 0.2-1.6 mM NADPH, either with or without 0.4 mM p-nitroanisole, at 379 C in a total volume of 0.5 mL of 100 mM phosphate buŠer (pH 7.4). The reaction was initiated by the addition of NADPH, and the O-demethylation rate of p-nitroanisole and the ESR spectra were measured at 15 min after the addition of NADPH. The 1 O2 scavenging activities of p-nitroanisole were evaluated on the basis of the decrease of signal intensity due to 4-oxo-TEMPO and were correlated with the demethylation rates of pnitroanisole in the concentration range of 0.2-1.6 mM NADPH.
1 O2 scavenging activities of b-carotene and pnitroanisole in the hematoporphyrin-UVA system: 1 O2 was generated by ultraviolet light A (UVA) irradiation to a hematoporphyrin (HP) solution. 37, 38) UVA was irradiated through a UVAˆlter at an intensity of 800 mW W cm 2 using a Supercure-203S (San-Ei Electric MFG, Osaka, Japan), which was connected to the ESR cavity. The reaction mixtures contained 62.5 mM HP, 50 mM TMPD, 0-500 mM b-carotene or 0-20 mM pnitroanisole, at a room temperature (229 C) in a total volume of 0.2 mL of 100 mM phosphate buŠer (pH 7.4). The solvent system consisted of ethanol and H2O in a ratio of 2.5:97.5 (z v W v). ESR spectra were measured at 30 sec (24 J W cm 2 ) after the irradiation of the reaction mixtures.
CYP subfamily-dependent metabolism in the human liver microsomes: 7-Ethoxyresoruˆn O-deethylation, coumarin 7-hydroxylation, tolbutamide 4-hydroxylation, and nifedipine oxidation were determined as CYP1A1 W 1A2, CYP2A6, CYP2C9, and CYP3A4 activities, respectively, in the human liver microsomes for appropriate periods (5-30 min). The incubation mixture contained 0.2 mg W mL microsomal protein, and either 0.5 mM 7-ethoxyresoruˆn, 50 mM coumarin, 200 mM tolbutamide, or 20 mM nifedipine at 379 C in a total volume of 0.5 mL of 100 mM phosphate buŠer (pH 7.4), in which the reactions were initiated by the addition of an NADPH generating system (2 mM NADP+, 10 mM G-6-P, 5 mM MgCl2, and 1 UW mL G-6-PDH as aˆnal concentration). After the reactions were terminated by the addition of acidic solution or organic solvent, and the precipitation of protein or extraction of metabolites was performed, each metabolite was determined by the corresponding HPLC system. [39] [40] [41] [42] Each The v-and (v-1) hydroxylations of lauric acid were determined at 379 C in 100 mM phosphate buŠer, pH 7.4, for 15 min. The incubation mixture contained 0.8 mg W mL microsomal protein, 0.2 mM lauric acid, and 1.6 mM NADPH with or without each scavenger in a total volume of 0.5 mL, in which the reactions were initiated by the addition of NADPH.
calibration line was obtained from peak areas detected by each HPLC system. The correlation coe‹cient of the calibration line for each metabolite was more than 0.999 (r ) with a linear least-squares regression in the experimental concentration range. The contribution of 1 O2 to each substrate metabolism was examined by the addition of 1 O2 quenchers such as 0-5 mM NaN3 and 0-0.5 mM b-carotene, or 0-50 mM TMPD, the spin-trapping agent, to the reaction mixture.
Statistical analysis: All experimental results are expressed as the means±standard deviations of three or four repeated experiments. Statistical analysis was performed by analysis of variance (ANOVA) with a 1 or 5z signiˆcance level.
Results
Substrate oxidations and the eŠects of 1 O2 quenchers and a P450 inhibitor in the rat liver microsomes: The v-and (v-1)-hydroxylations of lauric acid mediated by CYP4A1 and CYP2E1 in the rat liver microsomes, respectively, 26) were examined to specify the reactive oxygen species (ROS) involved in the presence of scavengers against ROS. The additions of 0-4000 units W mL SOD (superoxide anion scavenger), 0-4000 units W mL CAT (hydrogen peroxide scavenger), and 0-50 mM DMSO (hydroxyl radical scavenger) had essentially no eŠect on either the v-and (v-1)-hydroxylations of lauric acid ( Table 1) . On the contrary, the addition of NaN3 and b-carotene, which are both 1 O 2 quenchers, 29, 30) for 15 min incubation signiˆcantly suppressed the v-and (v-1)-hydroxylations of lauric acid in a quencher-concentration-dependent manner ( Fig. 1(A) and (B) ).
Next, the microsomal O-demethylation of pnitroanisole and the N-demethylation of aminopyrine were also examined in terms of the involvement of 1 O2 as suggested by the O-deethylation of 7-ethoxycoumarin. 22) Both demethylation rates were signiˆcantly suppressed by the addition of NaN 3 or b-carotene in a quencher-concentration-dependent manner ( Fig.  1(C-F) ). The O-demethylation of p-nitroanisole was, however, slightly inhibited by addition of D2O (data not shown), and signiˆcantly decreased to 90z of the control in 80z v W v D 2 O at pH 7.4.
In addition, when SKF-525A, which coordinates to the sixth position of the heme in P450, 32) was added to the incubation mixture for 15 min, both the v-and (v-1)-hydroxylations of lauric acid and the O-demethylation of p-nitroanisole were signiˆcantly suppressed in an inhibitor-concentration-dependent manner (Fig. 2(A)  and (B) ).
Detection of 1 O2 by ESR spin-trapping in the rat liver microsomes: Because the involvement of 1 O2 in alkyl hydroxylations as well as aryl and amine demethylations was suggested with respect to their suppression by the addition of NaN3 or b-carotene, 29, 30) the eŠect of 1 O2 quenchers in the rat liver microsomal system was examined by the ESR spin-trapping method. So as to begin with the origin of 1 O 2 in the oxidations catalyzed by P450, the eŠect of SKF-525A was studied by the ESR spin-trapping method.
TMPD, a spin-trapping agent selective for 1 O2, forms a stable nitroxide-free radical due to a TMPD-1 O2 adduct (2,2,6,6-tetramethyl-4-piperidone-N-oxyl; 4-oxo-TEMPO). 43, 44) When TMPD was added to the reaction system of 0.2-0.8 mg W mL microsomal protein with 0.1-1.6 mM NADPH, an ESR signal due to 4-oxo-TEMPO at g＝2.0062 and with a coupling constant of A: Lauric acid (0.2 mM) was incubated with 0.8 mg W mL microsomal protein, 0-250 mM SKF-525A, and 1.6 mM NADPH in a total volume of 0.5 mL of 100 mM phosphate buŠer, pH 7.4, at 379 C for 15 min. B: p-Nitroanisole (0.4 mM) was incubated in the same way as A with 0-50 mM SKF-525A at 379 C for 15 min. Signiˆcance: *pº0.05, **pº0.01 vs. without inhibitor (n＝3). AN＝1.609 mT was clearly observed (data not shown), the parameters being consistent with those reported previously. 37, 38) The signal intensity due to 4-oxo-TEMPO was increased time-dependently for 20 min and was enhanced by increases in the P450 Fig. 3 (A) and NADPH Table 2 concentrations. No such spectrum was observed without the microsomal protein or NADPH. When SKF-525A was added to the reaction system, the signal intensity due to 4-oxo-TEMPO was suppressed in a concentration-dependent manner (Fig. 3(B) ), indicating that the origin of 1 O2 is in the heme site of the P450 catalytic cycle. As well, the 1 O2 quenchers, NaN3 and b-carotene, e‹ciently scavenged the generated 1 O 2 ( Fig. 3(C) and (D) ).
To understand the relationship between the P450-dependent substrate oxidation and 1 O2 generation, both the O-demethylation rate and the reactivity to the generated 1 O 2 of p-nitroanisole were examined. The signal intensity due to the spin adduct of 1 O2 (4-oxo-TEMPO) decreased signiˆcantly as a result of the addition of p-nitroanisole to the microsomes-NADPH system at 50 mM TMPD and 0.2-1.6 mM NADPH, and the Odemethylation rate of p-nitroanisole in the same reaction system without TMPD increased in a NADPH concentration-dependent manner ( Table 2 ). The decrease of the signal intensity due to 4-oxo-TEMPO in the presence of p-nitroanisole correlated well (r＝0.971) with the O-demethylation rates of p-nitroanisole (Fig. 4) , indicating that p-nitroanisole demethylation in the microsomes-NADPH system depends on the consumption of 1 O2 generated during the P450 catalytic cycle.
Detection of 1 O 2 by ESR spin-trapping in the hematoporphyrin-UVA system: To investigate whether the compounds such as a 1 O2 quencher and a P450 substrate react with 1 O2 directly, the 1 O2 scavenging activities of bcarotene and p-nitroanisole were then examined in the chemical system by the ESR spin-trapping method.
1 O 2 was generated by UVA irradiation to the HP solution. The signal intensity due to 4-oxo-TEMPO decreased by additions of b-carotene (Fig. 5(A) ) and p-nitroanisole (Fig. 5(B) ) in their concentration-dependent manners, indicating that p-nitroanisole reacted with 1 O2 chemically generated in the HP-UVA system.
Substrate oxidations and the eŠect of 1 O2 quenchers and a spin-trapping agent in the human liver microsomes: To conclude whether the involvement of 1 O2 in the P450-dependent substrate oxidation is general over the diŠerent P450 species, the eŠect of 1 O2 quenchers and a spin-trapping agent on P450 activities was examined in the human liver microsomes-NADPH generating system. The 7-ethoxyresoruˆn O-deethylation as CYP1A1 W 1A2 activity was unchanged by the addition of 5 mM NaN3 or 50 mM TMPD; however, it was signiˆcantly suppressed by the addition of 500 mM bcarotene. In addition, the coumarin 7-hydroxylation as CYP2A6 activity, tolbutamide 4-hydroxylation as CYP2C9 activity, and nifedipine oxidation as CYP3A4 activity were signiˆcantly suppressed at 5 mM NaN3, 25-50 mM TMPD, or 500 mM b-carotene (Fig. 6(A-D) ). These results indicated that the generation of 1 O2 also contributed to the human liver P450-dependent substrate oxidations.
Discussion
Theˆndings that (1) the v-and (v-1)-hydroxylations of lauric acid were not altered by SOD, CAT, or DMSO (Table 1) , (2) the same hydroxylations of lauric acid ( Fig. 1(A) and (B) ) as well as the O-demethylation of p-nitroanisole and N-demethylation of aminopyrine ( Fig. 1(C-F) ) were signiˆcantly suppressed by NaN3 and b-carotene, and (3) P450 was conˆrmed to be stable during a reaction time of 60 min in the presence of 2-20 mM NaN3 or 0.1-1 mM b-carotene on the basis of the P450 levels as estimated by the reduced P450-CO complex, 24) strongly indicated the involvement of 1 O2 but not of 
O2
" , H2O2, and  OH in the rat liver microsomal P450-dependent substrate oxidations other than the aryl hydroxylation and O-deethylation previously reported. 22) On the other hand, the O-demethylation of p-nitroanisole was slightly decreased with increasing of D2O content from 20 to 80z v W v in the reaction mixture, suggesting that the P450-depenent reaction was inhibited by D2O probably due to the 
" and H2O2 generated from the uncoupling and autoxidation in P450 catalytic cycle do not contribute to the P450-dependent substrate reactions. 45, 46) Previously we detected  OH in terms of DMPO-OH adduct (data not shown) in the rat liver microsomes-NADPH system by the ESR spin-trapping using DMPO as a trapping agent. 22) Because a DMPO-OOH adduct by the reaction of
" with DMPO is easily converted into the DMPO-OH adduct, the detection of DMPO-OH adduct is not precise to explain the reaction. Because the substrate oxidations were not altered by SOD or DMSO, and the signal intensity due to DMPO-OH adduct was not changed by the addition of substrates, 
" and  OH are not likely to contribute to the P450-dependent substrate oxidations.
Theˆnding that v-and (v-1)-hydroxylations of lauric acid and O-demethylation of p-nitroanisole were signiˆcantly suppressed by SKF-525A (Fig. 2(A) and (B)) indicated the contribution of the heme site of P450. In addition, the fact that 1 O2 formed with P450 was decreased by SKF-525A (Fig. 3(B) ) provided strong evidence that 1 O 2 is generated from the heme site, because SKF-525A coordinates to the sixth position of the heme in P450 and inhibits the binding of molecular dioxygen to the heme and following activation of P450. In support of this conclusion, our preliminary experiments 
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Role of Singlet Oxygen in P450-dependent Oxidation with the heme proteins and simple iron-heme complexes suggested that 1 O2 is generated at the heme. Experiments aimed at determining the true origin of 1 O2 are now in progress.
We then examined the relationship between the demethylation rate of p-nitroanisole and the consumption of 1 O2 in the P450 reaction pathway. Because the detection of 1 O2 by the ESR spin-trapping method with TMPD as a trapping reagent is based on the speciˆc reaction of 1 O2 with TMPD, the ESR signal intensity due to the spin-adduct, 4-oxo-TEMPO, is linearly proportional to the total generation of 1 O2 in the system. 37, 38) The signal intensity due to the TMPD-1 O2 adduct (4-oxo-TEMPO) was decreased signiˆcantly by addition of p-nitroanisole (0.4 mM) in comparison with that without p-nitroanisole in the system ( Table 2) . Thiŝ nding is in good agreement with the previous results on aniline and 7-ethoxycoumarin. 22) The extent of the decrease of the signal intensity was well correlated (r＝ 0.971) with the O-demethylation rates of p-nitroanisole without TMPD (Fig. 4) . In addition, 1 O2 chemically generated in the HP-UVA system was concentrationdependently quenched by p-nitroanisole, a non-speciˆc substrate for P450, as well as b-carotene, a strong 1 O2 quencher (Fig. 5) . Theseˆndings indicated that pnitroanisole utilizes 1 O 2 for its demethylation. However, the question whether 1 O2 directly contributes to P450-dependent substrate oxidations or partially participates in them, followed by generation as an intermediate in the P450 cycle, will be needed to examine in the future. From these results, it can be concluded that 1 O 2 contributes to the P450-dependent substrate oxidations.
It has been reported that naturally occurring ‰avo-noids such as quercetin and galangin inhibit the P450-mediated reactions in the rat liver microsomes. 47) Quercetin, which is a potent 1 O 2 quencher, 48) was found to inhibit the O-deethylation of ethoxyresoruˆn and the O- Each incubation mixture contained 0.2 mg W mL microsomal protein, and 0.5 mM 7-ethoxyresoruˆn, 50 mM coumarin, 200 mM tolbutamide, or 20 mM nifedipine in a total volume of 0.5 mL of 100 mM phosphate buŠer, pH 7.4, at 379 C, in which the reaction was initiated by the addition of an NADPH generating system (2 mM NADP+, 10 mM G-6-P, 5 mM MgCl 2 , and 1 UW mL G-6-PDH as aˆnal concentration). The 0-5 mM NaN 3 , 0-0.5 mM b-carotene, or 0-50 mM TMPD were added to the reaction mixture. Signiˆcance: * pº0.05, ** pº0.01 vs. control (n＝3).
demethylation of p-nitroanisole through its strong uncoupling of P450, but not to inhibit the P450 reduction by NADPH-cytochrome P450-reductase. 47) However, the inhibition of P450 activity by ‰avonoids may instead be explained by the ‰avonoids' 1 O2 quenching activities in the P450 reaction pathway. Further studies are needed to clarify this point.
We next examined the eŠect of 1 O2 quenching on the human P450-speciˆc activities. Among four speciˆc P450 activities, CYP1A1 W 1A2 activity was only aŠected by b-carotene; however, other activities (CYP2A6, CYP2C9, and CYP3A4) were suppressed by NaN3, bcarotene, and TMPD (Fig. 6) . That is because NaN3 might aŠect the binding of a type II substrate such as aniline to P450 22) or the quenching 1 O2 generated. In addition, b-carotene is known to react with 1 O2 at higher rate constant (3×10 10 
O2
" than the triplet state of molecular dioxygen 3 O 2 (redox potential; "0.33 V).
16)
The origin of the energy that converts the triplet state of molecular dioxygen bound to Fe(II)-heme to its excited singlet state, as well as the origin of 1 O2 in the P450 catalytic cycle, must be mechanistically investigated in future studies.
In conclusion, 1 O2 generation and its role in the substrate oxidations in both the rat and human liver microsomal systems are presented with respect to the suppression of substrate oxidations by 1 O2 quenchers, the detection of 1 O2 generation by the ESR spin-trapping method, 1 O2 consumption during the substrate oxidations, and the possibility that heme-Fe(II)-1 O2 intermediate is the origin of 1 O2 in the P450 cycle. In addition, b-carotene, which is a dietary natural product, was found to be a suppressor against human P450 activity as well as being a potent chemical quencher of 1 O2. This latterˆnding is important in terms of P450-activity inhibition for the safe use of pharmaceuticals in humans.
